irreversibility mechanism. In thin samples, neglecting the GB in this direction would then lead to a large overestimation of H c1 deduced from H p through the standard elliptical formula. The lower critical field is found to be isotropic at low temperature ͑ϳ0.11± 0.01 T͒. MgB 2 is the first example of a superconductor ͑T c ϳ 39 K) 1 presenting two distinct superconducting gaps. 2 Indeed, it is now well established that MgB 2 is characterized by a complex Fermi surface showing two sections: a threedimensional (3D) tubular network of mostly boron states and two-dimensional (2D) cylindrical sheets derived mostly from boron states. The coexistence of those two gaps with different anisotropies leads to an anomalous decrease of the anisotropy of the upper critical field ͑H c2 ͒ with temperature. 3, 4 On the contrary, we have recently shown 5 that the anisotropy of the lower critical field ͑H c1 ͒ increases by about 50% between5Ka n dT c . Nevertheless, the absolute values of H c1 c ͑0͒ (parallel to the c axis of the crystal) and H c1 ab ͑0͒ (in the basal plane) still had to be to determined accurately. ⌫ H c1 ͑0͒ = H c1 c / H c1 ab is a very important parameter in the two-band superconductor scenario, which has been predicted to be close to 1 at low T. 6 However, previous measurements on In samples with elliptical cross sections, H c1 can be deduced from the first penetration field H p , assuming that the magnetization M =−H c1 when the first vortex enters into the sample. As M =−H a / ͑1−N͒ in the Meissner state (where N is the demagnetization coefficient and H a the external field), H c1 is thus related to H p through
In "real" samples, i.e., with arbitrary cross sections, the M-H curve can still be approximated by a linear variation in the Meissner state and Eq. (1) is often still used to deduce H c1 from H p in type II superconductors (replacing N by an effective demagnetization coefficient N eff ). However, considering only those "elliptical" demagnetizing effects can lead to an overestimation of H c1 due to the presence of surface [i.e., Bean-Livingston (BLB)] 9 and/or geometrical barriers (GB). 10, 11 GB are particularly important in thin samples as this overestimation is expected to vary as ͱ w / d (Refs. 10 and 11)( where 2w is the width of the sample). Indeed, in samples with rectangular cross sections, flux lines first penetrate into the sample through the sharp corners, leading to a position ͑x͒ dependent vortex energy per unit length reaching a maximum for ͉x͉ϳw − d /2 (x being equal to zero at the center of the sample). 10 The resulting barrier decreases with applied field but delays the vortex penetration (as compared to samples with elliptical cross sections); the magnetization at H = H p is larger than H c1 and the elliptical equation [Eq.
(1)] is thus not valid anymore.
It has, for instance, been shown by Zeldov et al. 12 that GB play an important role in BiSrCaCuO crystals. To measure realibly the absolute value of H c1 in MgB 2 , it is thus necessary to determinine the origin of irreversibility in this system. We used a Hall probe array to get the field distribution in the samples, and we clearly show that, for low external fields H a ʈ c, GB play a dominant role in the irreversibility mechanism of this system, too. Taking properly into account GB we deduced H c1 c ͑0͒ϳ0.11± 0.01 T. Those effects can be neglected for H ʈ ab, and we obtained a very similar H c1 ab value in this latter direction, confirming that ⌫ H c1 ϳ 1 at low temperature. 5, 7 We performed both magnetic and specific heat measurements in high-quality MgB 2 single crystals 13 showing flat surfaces. Nine samples with different lengths ͑l͒, widths ͑2w͒, and thicknesses ͑d͒ have been measured (see Table I ). In samples 5-9 (see Table I ), magnetic field profiles have been determined using a two-dimensional electron-gas (2DEG) Hall-probe array constituted of 11 inline sensors of 8 ϫ 8 m 2 active area and 20 µm separation (in samples 1-4
we only measured the induction in the center of the sample as a function of H a ). Figure 1 (a) shows a typical example of the profiles measured at low temperature (4.2 K) in sample 6. Each profile was obtained in a few seconds, and we checked that they were not time dependent by repeating the measurements several times. Complementary information was provided by specific heat ͑C p ͒ measurements (sample 4). Indeed, C p is proportional to the number of vortices in the sample, and H p can be detected by a rapid increase of C p for H Ͼ H p (see Fig. 2 ). Note that this determination is independent on the distribution of the vortices (i.e., of the nature of pinning). C p was measured by an ac technique 14 allowing us to measure small samples with high sensitivity (typically one part in 10 4 ). Heat was supplied to the sample by a lightemitting diode via an optical fiber, and the temperature oscillations were measured by a chromel-constantan thermocouple.
For applied fields 0 H a Ͻ 0 H p (ϳ0.037 T in sample 6), the external field is screened out, and B ϳ 0 T for sensors 4-7 (see Fig. 3 for B vs H a ). For H a Ͼ H p , a maximum induction B͑x͒ is observed in the center of the sample (near sensor 6, i.e., for x / w =0) and the field profiles are dome shaped (see Fig. 1 ). For bulk pinning (i.e., the Bean model 15 ), a minimum should be observed in the center of the sample for ascending fields as vortices would remain pinned near surfaces by bulk defects. Such a unique accumulation of vortices in the center of the sample is typical of BLB and/or GB, reflecting the fact that, in the absence of bulk pinning, vortices are free to reach the center of the sample for H Ͼ H p . The importance of those barriers is further confirmed by plotting the field gradient dB/ dx on ascending and descending branches of the loop [see Fig. 1(b) ]. In the case of bulk pinning, according to the Bean model, dB/ dx is proportional to the critical current, and the field gradient on ascending field dB/ dx up is opposite to the field gradient on descending field dB/ dx down : dB/ dx up =−dB/ dx down (Ͻ0 for x Ͻ 0).I n contrast, BLB and GB lead to a positive dB/ dx for x Ͻ 0 for both increasing and decreasing fields with dB/ dx up Ͼ dB/ dx down Ͼ 0, 12 in good agreement with experimental data for B ജ 0.05 T [see Fig. 1(b) ].
The difference between dB/ dx up and dB/ dx down becomes negligible above ϳ0.15 T. In the presence of pure GB, the irreversible shielding is expected to vanish at 12 which is consistent with our experimental value ϳ0.15 T. Similarly, the irreversibility should vanish for B → 0. We did not observe this effect, clearly showing that a small amount of bulk pinning is also present in our samples. Indeed, as shown in Fig. 1(b) , the field gradient dB/ dx increases when the applied field tends towards zero and the field profiles present the typical pyramidal Bean model shape for low decreasing fields [see Fig. 1(a) at 0.01 T]. In the absence of bulk pinning, the field at the center of the sample B 0 is expected to vary as Fig. 3 with 0 H p = 0.037 T). As shown, the experimental data lie slightly below the theoretical curve due to the presence of a small amount of bulk pinning (Շ5 ϫ 10 4 A/cm 2 , in good agreement with our previous estimations of J c from ac transmittivity measurements above 0.1 T). 3 The first penetration field H p has been deduced using four different criteria. (i) First, H p has been directly deduced from the field profiles as being the field for which a finite B value could be measured in the sample (see Fig. 3 ). As bulk pin-TABLE I. d ,2 w, and l are the thickness, width, and length of the samples, respectively. The first penetration field H p has been defined as the field above which the local induction in the center of the sample becomes finite. The critical temperature T c has been deduced from the onset of the diamagnetic response in ac susceptibility measurements.
FIG. 1. (a)
Magnetic field profiles for increasing (solid symbols) and decreasing (after having applied a maximum field of 1 T, open symbols) magnetic field in sample 6 (see Table I ) at T = 4.2 K. (b) The magnetic field gradient as a function of the magnetic induction [probe 5, see arrows in Fig. 1(a) ] clearly showing that the slope is larger for increasing fields than for decreasing ones as expected in the presence of BeanLivingstone and/or geometrical barriers.
ning is very small, this value is independent on the position of the probe, as shown in the inset of Fig. 3. (ii) We previously deduced H p from the sharp minimum in the M av vs H curve, where M av is the average between the ascending and descending branches of the local magnetization loop. 5 Even though this average does not exactely reproduce the reversible part of the magnetization in presence of GB (and/or BLB), we obtained the same H p values using procedures (i) and (ii)( see the filled circle in Fig. 4) . (iii) In this third procedure the remanent field in the sample has been measured after applying successively larger magnetic field cycles. A finite remanent field was then obtained for field amplitudes larger than H p (due to the presence of some bulk pinning), and this procedure again led to the same H p values in our samples. (iv) H p was finally deduced from specific heat ͑C p ͒ measurements. Sample 4 has been cooled in zero magnetic field down to ϳ6 K. As shown in Fig. 2 , C p remains almost constant at low field (within the uncertainties of the thermocouple calibration) and sharply increases as vortices enter in the sample for H Ͼ H p (see Fig. 2 Table I ). The solid lines are the dependences expected for disks and rectangular strips in the presence of GB taking H c1 = 0.11 T. The filled circle is the H p value previously deduced in Ref. 5 and the filled triangle is the one obtained by Ref. 8 . For sample 4 (open/ filled squares), both magnetic and specific heat measurements led to the same value. The dotted lines show the behaviors for strips with elliptical cross sections in which no geometrical pinning would be present. Inset: H p as a function of the angle between the external field and the c axis. The solid line is a fit to the data using Eq. (3), i.e., assuming that no GB is present. As shown, the penetration is clearly delayed in the vicinity of the c axis due to the presence of those barriers. metrical barriers, H p is related to H c1 through
where ␣ varies from 0.36 in strips to 0.67 in disks. As shown, this behavior is consistent with our experimental data, taking 0 H c1 ϳ 0.11± 0.01 T. Note that for samples 3 and 4, l ϳ 2w, and those samples can be better described by the disk formula. The dotted lines in Fig. 4 have been deduced from Eq. (1)( i.e., neglecting GB) for strips with rectangular cross sections taking the N eff values computed in Ref. 16 . As shown, in this case, it would be impossible to describe our samples by a unique H c1 value. Neglecting GB would thus lead to an overestimation of H c1 ranging from 0.14 T (sample 9) up to 0.25 T (sample 3). Note that Eq. (2) is characteristic of GB, clearly showing that those barriers dominate in the irreversibility process for low applied fields. Indeed, in presence of BLB, the dependence of H p on the sample geometry is expected to be again given by the ͑1−N eff ͒ factor but replacing H c1 by the thermodynamic field H c . 18 In a previous article, 5 we discussed the T dependence of the anisotropy of H c1 (and of H c2 ) in which we gave a rough estimate of H c1 c ͑0͒ since we did not measure at that time the importance of GB. This estimate (0.10 T) happens to be close to the precise determination (0.11 T) found here, mainly due to the fact that this sample was "not too thin." Neglecting those GB, the authors of Ref. 8 found a much larger value, H c1 c ϳ 0.25 T for a ratio d /2w ϳ 0.1͑N eff ϳ 0.9͒. As shown in Fig. 4 , this point lies close to the upper solid line, and we can thus reconcile their measurements with ours since Eq. (2) would give a correct H c1 value on the order of 0.12 T for this sample. On the contrary, our H c1 values are much larger than those recently obtained by Kim et al. 7 [still obtained using Eq. (1) ]. This discrepancy can a priori not be attributed to GB. However, Kim et al. 7 deduced H p from the field at "which deviation from the Meissner shielding occurs" in the global magnetization curve. If this criterion would be perfectly valid for elliptical samples, it can be misleading in the presence of GB. Indeed, since vortices are partially penetrating into the sample through the corners this deviation occurs for fields much lower than H p for samples with a rectangular cross section. 16 Finally, note that it has been suggested by Golubov et al. 17 that H c1 can be very sensitive to intraband scattering, and different H c1 values could be obtained depending on the sample purity.
Finally, we measured H p for various angles ͑͒ between H a and the c axis. The field measured by the sensors is equal to the perpendicular component of the local induction B͑x͒ and the Hall signal thus rapidly decreases for increasing values. However, we were able to determine H p even for H a parallel to the ab planes as this plane was making an angle of about 3°with the plane of the probe. The angular dependence of H p is displayed in the inset of Fig. 4 for sample 6. For a strip with an elliptical cross section H p would be related to H c1 through
where N eff is the demagnetizing coefficient along the c axis.
The solid line in the inset of Fig. 4 is a fit to the data taking N eff = 0.78 and 0 H c1 ab ϳ 0.12 T. This demagnetization coefficient value is in good agreement with the one calculated by Brandt 11 for a strip with d /2w ϳ 1/3 (sample 6).I nt h eab plane, the GB are negligible and as shown, the agreement between the experimental data and Eq. (3) is excellent. However, as becomes smaller than ϳ45°, H p becomes progressively larger than the theoretical value of the ellipsoide. This might be interpreted as due to some anisotropy in H c1 . However, this deviation is a direct consequence of the GB, which delay the vortex penetration close to the c axis, leading to H c1 values larger than those which could be deduced from the ellipsoid formula [Eq. (3)].
In conclusion, we have shown that GB play a dominant role in the origin of irreversibility in high-quality MgB 2 single crystals. Those barriers are superimposed to a small bulk critical current density (ϳa few 10 4 A/cm 2 at low temperature and low field). They govern vortex penetration for external fields parallel to the c axis but are negligible for H in the basal planes. We confirm that H c1 is isotropic at low temperature being on the order of 0.11± 0.01 T. As predicted by the two-band scenario, ⌫ H c1 Ӷ⌫ H c2 at low temperature and those two quantities merge at T c .
